Historically, ecomorphological inferences regarding theropod (i.e. 'predatory') dinosaurs were guided by an assumption that they were singularly hypercarnivorous. A recent plethora of maniraptoran discoveries has produced evidence challenging this notion. Here, we report on a new species of maniraptoran theropod, Nothronychus graffami sp. nov. Relative completeness of this specimen permits a phylogenetic reassessment of Therizinosauria-the theropod clade exhibiting the most substantial anatomical evidence of herbivory. In the most comprehensive phylogenetic study of the clade conducted to date, we recover Therizinosauria as the basalmost maniraptoran lineage. Using concentrated changes tests, we present evidence for correlated character evolution among herbivorous and hypercarnivorous taxa and propose ecomorphological indicators for future interpretations of diet among maniraptoran clades. Maximum parsimony optimizations of character evolution within our study indicate an ancestral origin for dietary plasticity and facultative herbivory (omnivory) within the clade. These findings suggest that hypercarnivory in paravian dinosaurs is a secondarily derived dietary specialization and provide a potential mechanism for the invasion of novel morpho-and ecospace early in coelurosaurian evolution-the loss of obligate carnivory and origin of dietary opportunism.
INTRODUCTION
Recent work by several authors casts doubt on the notion that the majority of coelurosaurs were obligate carnivores, and raises the possibility that dietary diversification was more commonplace among 'predatory' dinosaurs than previously appreciated (Holtz et al. 1998; Kobayashi et al. 1999; Xu et al. 2002a; Zhou & Zhang 2002; Zhou et al. 2004; Barrett 2005; Barrett & Rayfield 2006; Wings & Sander 2007) . A fundamental advance in our understanding of the palaeobiology of Coelurosauria was the recent substantiation of therizinosaurs as members of the clade (Russell & Dong 1993; Xu et al. 1999; Kirkland et al. 2005) . Therizinosaurs are the most widely regarded candidate for herbivory among theropods (e.g. Paul 1984; Weishampel & Norman 1989; Zhang et al. 2001; Kirkland et al. 2005) . Members of the clade possess a suite of morphological features consistent with a hypothesis of predominant herbivory, including: (i) diminutive, tightly packed, coarsely serrated, lanceolate teeth; (ii) low tooth-replacement rate; (iii) rostral rhamphotheca; (iv) inset tooth row suggesting fleshy cheeks; (v) elongate neck and diminutive skull; (vi) proportionally enormous gut capacity (as estimated by gastralia/trunk rib circumference and lateral flare of preacetabular process of ilium); and (vii) secondary loss of cursorial hind limb adaptations, including development of a functionally tetradactl pes.
Whether by historical artefact or as a result of our previously limited understanding of the anatomy and relationships of the group, therizinosaurs have not played a major role in most modern systematic studies. Consequently, current hypotheses of coelurosaurian evolution are lacking data fundamental to achieving a broad perspective on the palaeobiological history of the clade. Fortunately, the past decade has witnessed a surge in therizinosaur discoveries, propelling our understanding of their evolution at an unequalled pace. Here, we report on the most complete derived therizinosaur yet discovered-a new species of Nothronychus-from the Late Cretaceous, southern Utah, USA. On the basis of this and other recent discoveries (e.g. the basalmost taxon Falcarius utahensis), we produce, to our knowledge, the first coelurosaurian phylogeny to include a comprehensive character analysis of Therizinosauria. This study provides the most rigorous phylogenetic framework generated to date for evaluating the evolutionary history of diet, specifically the advent of herbivory among maniraptorans, and fills a former gap in our understanding of the radiation and success of Coelurosauria-the most diverse theropod clade in the Cretaceous.
DESCRIPTION AND COMPARATIVE ANATOMY
(a) Systematic palaeontology Theropoda (Marsh 1881) . Maniraptora (Gauthier 1986) . Therizinosauridae (Maleev 1954) . Nothronychus (Kirkland & Wolfe 2001 (e) Diagnosis A therizinosaurid with the following autapomorphies: pubic boot with diminutive caudal process; ventral margin of pubic boot dorsally convex; subtriangular caudal process of ischium diminutive (less than 5% of the total length of ischium); and caudal process of ischium located proximal to obturator foramen. Nothronychus graffami can be differentiated from Nothronychus mckinleyi by the following five features: strongly amphicoelus cranial caudal centra; caudoventral aspect of caudal centra poorly developed; glenoid with pronounced caudal buttress; ulna straight; and ventral notch between obturator process and iliac shaft craniocaudally wide (electronic supplementary material, figure S1 ).
(f) Remarks The discovery of N. graffami necessitated rediagnosis of the type species N. mckinleyi and formation of a genus-level diagnosis (see electronic supplementary material, A for revised diagnoses of these taxa and Therizinosauridae).
(g) Description and comparisons Owing to its recovery from a marine shale unit, UMNH VP 16420 is moderately to heavily crushed. On several elements, the periosteal bone was removed (possibly bioeroded) before burial. Despite these conditions, UMNH VP 16420 is the most complete derived therizinosaur individual yet discovered and serves as a keystone for interpreting the anatomy of other derived therizinosaurs known from disparate aspects of the skeleton.
Representative portions of two badly damaged, elongate cervical vertebrae, nine amphicoelus dorsal vertebrae, a complete sacrum and 23 complete caudal vertebrae are preserved. As in other derived therizinosauroids (e.g. Suzhousaurus, Nanshiungosaurus brevispinus and Neimongosaurus), pneumatic invasion of lateral dorsal centra is extensive; pneumatopores incise the entire cervical and at least half the dorsal axial column. Cranialmost dorsals are characteristically therizinosaurian, exhibiting hypaxially inflated neural arches, bearing dorsally elevated preand postzygapophyseal facets, accessory centrodiapophyseal laminae, pendant transverse processes and reduced neural spines, as well as centra with hypertrophied, deeply concave parapophyses, enlarged lateral pleurocoels and moderately developed hypapophyses. Mid-dorsal vertebrae possess spool-shaped centra and tall neural spines, as in Neimongosaurus. A complete sacrum bearing six coossified vertebrae as in other derived therizinosaurs and many other coelurosaurs is preserved. In contrast to Segnosaurus and Suzhousaurus (Li et al. 2008 ) the sacral neural spines are indistinguishable, forming a low coossified ridge; due to crushing, sacral pleurocoels cannot be confirmed. The caudal axial series is shortened and numerically reduced as in other derived therizinosaurs and oviraptorosaurs, and cranially pneumatic as in Neimongosaurus, Ingenia and Chirostenotes.
The left scapula and coracoid are unfused, whereas the right are coossified. As in other derived therizinosaurs, paravians and some oviraptorosaurs, the glenoid is laterally extensive. As in N. mckinleyi and Ingenia, the distal scapular blade tapers (in contrast to previous reports, distal tapering cannot be confirmed in Erliansaurus or Therizinosaurus). The dorsal flange on the scapular blade of Suzhousaurus and Therizinosaurus is absent.
Humeri possess a depression between the welldeveloped internal tuberosity and humeral head, cranially oriented distal condyles and a hypertrophied, crest-like entepicondyle, as in other therizinosaurids. The deltopectoral crest occupies approximately 42 -45% of the total humeral length, less than Therizinosaurus, yet greater than Neimongosaurus and Suzhousaurus. As in other derived therizinosaurs (except N. mckinleyi ), the ulna is straight. Elements of the manus are difficult to identify due to severe crushing and erosion; however, metacarpals I-III are tentatively identified and appear distally ginglymoid as in other therizinosaurids. Penultimate manual phalanges, if correctly identified, are shortened as in Erliansaurus. Manual unguals are transversely compressed, markedly recurved and enlarged (approximately twice the length of the penultimate phalanx).
The highly derived pelvis of N. graffami is the most complete known for a therizinosaurid. Although the iliosacrum is severely crushed dorsoventrally, numerous features of phylogenetic significance can be ascertained. Proportionally, the preacetabular portion is longer than the postacetabular portion, as in Falcarius, Suzhousaurus, Segnosaurus and some oviraptorosaurs (e.g. Chirostenotes and Nomingia). The preacetabular portion of the ilium is ventrally extensive and laterally deflected, whereas the postacetabular portion is reduced in length and forms a hypertrophied 'cubic' tuberosity as in other derived species. The pubic peduncle is dorsoventrally elongate, craniocaudally compressed and caudally recurved, whereas the ischiadic peduncle forms an enlarged spherical boss, confluent with the antitrochanter. The ischium is nearly subequal to the pubis in length and the proximal contact between these elements is sinuous as in other derived therizinosaurs. As in Suzhousaurus, Enigmosaurus and Segnosaurus, the pubic shaft is cranially convex. In contrast to other coelurosaurs, the pubic apron extends from the caudal aspect of the shaft in N. graffami as in other therizinosaurids. The pubic boot is enlarged and cranially focused; however, the caudal aspect of the pubic boot in N. graffami possesses a small process of distinct morphology. The ischium of N. graffami is transversely flattened, with a distinct ventral caudal process and distal 'boot'. In contrast to the dorsoventrally extensive ventral process of N. mckinleyi, Segnosaurus and Enigmosaurus, this feature is diminutive and located entirely dorsal to the obturator process on N. graffami. A longitudinal ridge divides the lateral aspect of the ischium as in Segnosaurus, Engimosaurus and Beipiaosaurus; a similar ridge is convergently present on dromaeosaurids (e.g. Buitreraptor, Sinornithosaurus and Achillobator). As in other advanced therizinosaurs, the obturator process is hypertrophied, yet unlike other taxa, it is incompletely fused to the pubis (as in N. mckinleyi). A notch incises the contact between the ventral obturator process and the ischiadic shaft in both species of Nothronychus.
As in Segnosaurus, Suzhousaurus, Neimongosaurus and Erliansaurus, the femora possess a dorsally inclined, poorly differentiated head, separated from the greater trochanter by a marked depression. In dorsal view, the greater trochanter has greater craniocaudal depth than the femoral head and the bridging region is constricted. The lesser trochanter is cylindrical as in other therizinosaurs, oviraptorosaurs and paravians. The tibia is only 
90 per cent of the length of the femur and exhibits a robust, laterally deflected cnemial crest, with a poorly developed lateral fossa. An elongate, distally positioned fibular crest extends from the tibial shaft as in Neimongosaurus, Erliansaurus and Segnosaurus. Proximally, the cranial aspect of the fibula is dorsally elevated; medially the fibula is flat as in other therizinosaurids. The cranial tubercle is distally displaced as in other therizinosaurs (e.g. Neimongosaurus and Erliansaurus). As is synapomorphic for therizinosaurids, the astragalar body is reduced, exposing the craniolateral aspect of the distal tibia. Although the ascending process is only partially preserved, its morphology suggests that it was laterally deflected as in Segnosaurus and Therizinosaurus (IGM 100/45). A nearly complete right pes and partial left pes are known. The pes is functionally tetradactyl as in other derived therizinosaurs, with a robust first metatarsal and subequal third and fourth metatarsals. The pedal unguals are transversely thick and moderately recurved, unlike Erlikosaurus.
PHYLOGENETIC ANALYSIS
Here, we present a new phylogenetic study of therizinosaurs and one of the most data-rich coelurosaurian analyses conducted to date (see electronic supplementary material, D1 -D4). Results contest the widely regarded hypothesis of a monophyletic relationship between therizinosaurs and oviraptorosaurs (e.g. Xu et al. 1999 Xu et al. , 2002a Rauhut 2003; Barrett 2005; Kirkland et al. 2005; Barrett & Rayfield 2006; Turner et al. 2007a ). This study suggests that a large proportion of the noted morphological similarities shared by members of these clades represent convergent evolution (probably from similar ecological and/or dietary constraints) and that therizinosaurs are a more basal lineage than was previously appreciated. Here, Therizinosauria is recovered as the sister taxon to the five other major maniraptoran clades (i.e. as the basalmost maniraptoran clade) (figure 2; electronic supplementary material, figures S2 and S3)-a position supported by a suite of primitive features retained in Falcarius including: acromion of scapula with dorsocranially extensive blade; supracetabular crest on ilium; well-developed obturator notch on pubis with ventral process; propubic pelvis; pubic apron extends medially from medial aspect of cylindrical pubic shaft; peg-and-socket articulation between ischium and ilium; craniocaudal depth of greater trochanter less than depth of femoral head; lesser trochanter craniocaudally elongate and alariform; lesser trochanter separated from greater trochanter by a deep cleft; fourth trochanter prominent; ascending process of astragalus tall with medial notch; proximal end of MT IV overlaps plantar side of MT III; and metatarsals not appressed.
Among the features previously purported to support the monophyly of therizinosaurs and oviraptorosaurs (Sues 1997; Makovicky & Sues 1998; Xu et al. 2002a; Rauhut 2003) , several are contested as synapomorphic by the anatomy of basal members of these subclades, including those associated with the development of a rostral rhamphotheca (e.g. rostral edentulism, downturned dentary) and reduction of the tail (e.g. shortened, homogeneous caudal vertebrae), whereas others are known to have a wider distribution (e.g. pronounced lip on manual unguals). The present study brings to light numerous additional convergences, which are also refuted as possible synapomorphies by the anatomy of basal oviraptorosaurs and/or therizinosaurs (see electronic supplementary material, D2).
The therizinosaur ingroup relationships recovered in this analysis differ from previous hypotheses-most notably in the positions of Neimongosaurus, Erliansaurus, Nothronychus, Suzhousaurus and N. brevispinus, as well as the taxonomic composition of Therizinosauridae (electronic supplementary material, figure S2 and B) . This analysis serves as the basis for a redefinition of the clade Therizinosauridae and is, to our knowledge, the first study to provide phylogenetic support for: (i) the intermediate status of Neimongosaurus, Erliansaurus and Enigmosaurus (Zhang et al. 2001; Xu et al. 2002b) ; and (ii) derived placement of Suzhousaurus and Nothronychus (Kirkland & Wolfe 2001) , contra several recent studies (Xu et al. 2002b; Li et al. 2007 Li et al. , 2008 .
PALAEOBIOLOGICAL IMPLICATIONS
Although ecomorphological interpretations of coelurosaurian diet have been wide ranging, direct evidence of diet (e.g. gut contents, coprolites) among members of the clade are rare. Direct evidence of herbivory is preserved in the small-bodied, Early Cretaceous birds Jeholornis (Zhou & Zhang 2002) and Yanornis (Zhou & Zhang 2006) , and may also be preserved in the diminutive basal-troodontid Jinfengopteryx ( Ji et al. 2005; sensu Turner et al. 2007b) , indicating that some small-bodied maniraptorans were at least facultative herbivores. However, speculations regarding diet in other coelurosaurs are, by necessity, based on ecomorphological evidence alone. In addition to therizinosaurs, several maniraptoran clades are hypothesized to have been predominantly or facultatively herbivorous (i.e. omnivorous) (see electronic supplementary material for dietary terminology). Specifically, the discovery of diminutive conical teeth, keratinous rhamphotheca (Norell et al. 2001 ) and gastric mill (Kobayashi et al. 1999) has been proposed as evidence for herbivory in ornithomimosaurs; the 'glirodont' dentition of Incisivosaurus (Xu et al. 2002a) and Protarchaeopteryx ( Ji & Ji 1997 ) and the gastric mill of Caudipteryx (Ji et al. 1998) are espoused as evidence for herbivory in oviraptorosaurs; and the widely spaced, coarse dental serrations of some derived troodontids are more congruent with the dentition of extant herbivorous squamates such as iguanids than of obligate carnivores (Holtz et al. 1998) . Widespread speculation of herbivory among coelurosaurian dinosaurs notwithstanding, the utility of morphological features alleged to correlate with diet in coelurosaurian theropods has not been tested analytically, nor have reconstructions of dietary evolution been subjected to empirical scrutiny within a character-comprehensive, species-level phylogenetic framework.
Among coelurosaurian dinosaurs, two patterns of character evolution are relevant to our goal of assessing dietary evolution in the clade: (i) the prevalence of convergent ecomorphology among known members of several subclades (e.g. Therizinosauria, Ornithomimosauria and Oviraptorosauria); and (ii) ancestral character optimizations at the base of Maniraptora. To investigate the implication of these patterns, it is necessary to employ dual analytical methodologies-concentrated changes tests (CCTs) (Maddison 1990 )-to identify repeated evolution of characters probably carrying an ecomorphological signature and maximum parsimony (MP) analysis (Kluge & Farris 1969; Farris 1970; Fitch 1971 ) to infer basal character optimizations. As CCTs are only useful in identifying suites of morphological features that evolve under scenarios of repeated evolution (and thus evolve several times within the group in question), they are uninformative in evaluating traits with a single basal origination point-i.e. traits inferred to be ancestral for Maniraptora-within the scope of our study.
(a) Concentrated changes tests To identify patterns of correlated character evolution within coelurosaurian clades, we performed CCTs on an amended version of our 76-taxon phylogenetic character matrix (see electronic supplementary material, E2 -6). We tested the correlation between the evolution (appearance) of select morphological features when herbivory was interpreted for the clades Ornithomimosauria, Therizinosauria, Oviraptorosauria (except Oviraptor philoceratops) and the avialans Jeholornis and Yanornis.
We also tested for the non-random evolution of features when hypercarnivory was interpreted for the clades Tyrannosauridae, Compsognathidae, Dromaeosauridae, basal troodontids and O. philoceratops. Our goal was to examine whether traits present in Yanornis and Jeholornis (fossil taxa possessing direct fossil evidence of herbivory (Zhou & Zhang 2002 ) and Sinosauropteryx, Compsognathus, Tyrannosaurus and O. philoceratops (fossil taxa possessing direct fossil evidence of carnivory (Ostrom 1978; Chen et al. 1998; Chin et al. 1998) ) are present in taxa inferred to possess, yet lacking direct evidence of, the same diet (e.g. Paul 1984; Weishampel & Norman 1989; Holtz et al. 1998; Kobayashi et al. 1999; Xu et al. 2002a; Barrett 2005; Kirkland et al. 2005; Barrett & Rayfield 2006) . In our study, the following morphologies evolve with non-random distribution (i.e. are significantly correlated statistically (p , 0.1; see electronic supplementary material, E4)) in taxa inferred to be at least facultatively herbivorous: edentulous premaxilla (premaxillary rhamphotheca); caudally, rostrally or fully edentulous dentary (dentary rhamphotheca); U-shaped dentary; conical rostral teeth; downturned rostral dentary; dorsally convex dentary; and gastric mill (distribution shown in figure 2) . Likewise, the evolution of ziphodonty, small denticle size and/or Figure 2 . Time-calibrated phylogeny showing the temporal range of the 76 coelurosaurian dinosaurs included in this study only, with diet interpreted for nine major coelurosaurian subclades based on ecomorphological traits supported by CCTs and MP optimizations. Clades interpreted as predominant herbivory or hypercarnivory possess species-level ecomorphology correlated with direct evidence of diet using CCTs. Interpretation of at least facultative herbivory in basal ornithomosaurs, therizinosaurs and oviraptorosaurs based on the presence of at least two CCT-supported traits per basal species (CCT characters 263 and 349 in Pelecanimimus, 263 and 355 in Falcarius, 349 and 355 in Incisivosaurus). Ecomorphological characters potentially related to herbivory listed at select nodes. Traits supported by CCTs are listed at the right of the tree and denoted by the 'dagger' symbol (distribution illustrated in flow chart). Optimization of ecomorphological dental characteristics based on MP is listed at the left of the tree and denoted by an asterisk. MP optimization of direct fossil evidence of herbivory listed at node Paraves. The origin of facultative herbivory (i.e. omnivory) and the point of dietary diversification for the clade is posited at the base of Maniraptorformes (grey box). Coelurus fragilis is excluded from the tree owing to widely conflicting interpretations regarding its taxonomic and phylogenetic relationships (e.g. Senter 2007; Turner et al. 2007a,b;  this study).
replacement gaps is significantly correlated in taxa inferred to have a hypercarnivorous diet. These findings demonstrate that in the absence of direct fossil evidence, morphological features can be regarded as reliable ecomorphological indicators of diet in coelurosaurs and statistically support prior interpretations of herbivory and hypercarnivory among taxa within our study. The convergent evolution of a suite of morphological features correlated with direct evidence of herbivory within several coelurosaurian subclades by CCTs in our analysis (figure 2) may indicate parallel trends of increased morphological adaptation to herbivory among closely related coelurosaurian lineages. Finally, CCTs also support our interpretation that previous hypotheses of therizinosaur/ oviraptorosaur monophyly were based, in part, on convergent ecomorphology, as several features previously corroborating this relationship are herein found to be correlative with herbivory.
(b) Parsimony optimizations To infer diet at the base of Maniraptora, we mapped character transformations within our phylogeny. MPbased optimization of characters hypothesizes that the following traits are ancestral for Maniraptora: (i) unserrated premaxillary teeth; (ii) loss of ziphodont dentition; (iii) low tooth-replacement rate; (iv) lanceolate cheek teeth; and (v) constriction between crown and root (figure 2). As the scope of our study precludes the statistical correlation of these basally optimized maniraptoran traits with direct evidence of diet using CCTs, we take a conservative approach by not assigning a particular diet to this node. Nonetheless, the basalmost members of the clades Ornithomimosauria, Therizinosauria and Oviraptorosauria each possess at least two characters found to be correlative with herbivory in our study using CCTs. Thus, our data support two significant conclusions: (i) the evolution of dental features basally optimized by MP are inconsistent with hypercarnivory and suggest an ancestral origin for dietary diversification within Maniraptora-specifically, the incorporation of plant fodder into the diet; and (ii) these data combined with the presence of features correlative with direct evidence of herbivory in basal ornithomimosaurs, therizinosaurs and oviraptorosaurs are indicative of, at minimum, an omnivorous common ancestor.
Although missing data among Alvarezsauridae precludes basal optimization of some features shared in basal therizinosaurs and oviraptorosaurs, our model predicts that the presence of heterodontous dentition and elongate, incisiform rostral teeth may also represent ancestral maniraptoran traits and may ultimately be found to characterize basal members of other maniraptoran subclades.
(c) Conclusions
The phylogenetic relationships recovered here are notable in that: (i) they group several coelurosaurian subclades identified by CCTs as possessing ecomorphological characteristics of herbivory (e.g. Ornithomimosauria, Therizinosauria and Oviraptorosauria) in succession at the base of Maniraptora; (ii) basalmost members of these clades each possess at least two features statistically correlated with direct evidence of herbivory; and (iii) MP optimization of character transformations reconstructs a basal origination for several features incongruent with hypercarnivory, including a loss of ziphodont dentition. These conclusions support one of the two evolutionary scenarios: either herbivorous habits evolved independently at least two and upwards of five times in coelurosaurian dinosaurs, or the primitive condition for Maniraptora represents a deviation from obligate carnivory (i.e. at least facultative herbivory) and hypercarnivory within Paraves is a secondarily derived dietary specialization.
Ecomorphological studies have demonstrated a correlation between low morphological disparity and hypercarnivory, both in terms of occupied morphospace and rate of character change (Holliday & Steppan 2004) ; however, this relationship has not been tested in dinosaurs. An insufficient pre-Cretaceous fossil record and the presence of extensive ghost lineages for maniraptoran subclades render much of their early diversity unknown and act as a serious impediment to reconstructing macroevolutionary patterns within the group. Nonetheless, if correctly hypothesized to have occurred penecontemporaneously with the origin of Maniraptora, the advent of dietary plasticity offers a testable mechanism for: (i) the invasion of new eco-and morphospace; and (ii) high rate of cladogenesis exhibited by the group. In short, ecomorphological diversification presents as a valuable consideration for future macroevolutionary and palaeobiological studies of Coelurosauria. 
